Recently, piezo-aeroelastic energy harvesting has received greater attention. In the present study, a piezo-aeroelastic energy harvester using a nonlinear trailing-edge flap is proposed, and its nonlinear aeroelastic behaviors are investigated. The energy harvester is modeled using a piezo-aeroelastic model of a two-dimensional typical section airfoil with a trailing-edge flap (TEF). A piezo-aeroelastic analysis is carried out using RL and time-integration methods, and the results are verified with the experimental data. The linearizing method using a describing function is used for the frequency domain analysis of the nonlinear piezo-aeroelastic system. From the linear and nonlinear piezo-aeroelastic analysis, the limit cycle oscillation (LCO) characteristics of the proposed energy harvester with the nonlinear TEF are investigated in both the frequency and time domains. Finally, the authors discuss the air speed range for effective piezo-aeroelastic energy harvesting.
Introduction
Over the past two decades, engineering researchers have increasingly become interested in energy harvesting. The goal of energy harvesting is to provide electrical power for low-powered wireless applications and/or to recharge a storage device such as a battery. For various energy sources, the conversion of mechanical energy like vibrations into electricity has been one of the most popular topics among those studying energy harvesting [1, 2] . Many researchers have focused on transforming mechanical vibrations into electricity using piezoelectric, electromagnetic, and electrostatic transduction mechanisms.
One energy harvesting source available in the vicinity of remotely operated systems is the aeroelastic vibrations that result from interaction with airflow. An energy harvester would enable a remotely operated system to function anywhere that airflow is available. Over the past decade, many researchers have focused on exploiting piezoaeroelastic energy harvesting to transform wind energy into electricity. Erturk et al [3] performed an experimental study on generating electricity from thin curved airfoils with macro-fiber composite (MFC) piezoceramics under airflow excitation. De Marqui et al [4] studied the piezoaeroelastic problem of energy harvesting with respect to the airflow excitation of a cantilevered plate with embedded piezoceramics. Tang et al [5] proposed a flexible energy harvester inspired by flapping flag dynamics. Their mechanism used self-excited vibrations derived from the axial flow over a cantilever. Pobering et al [6] studied energy harvesting experimentally and numerically by using vortexinduced oscillations of piezoelectric cantilevers located behind bluff bodies. Bryant and Garcia [7] proposed and tested a novel energy harvester by using the aeroelastic This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
flutter oscillation of a piezoelectric beam with a simple flap attached to the beam tip. Bryant et al [8] examined the sensitivity of driving aeroelastic instability to several design parameters. Dunnmon et al [9] performed theoretical modeling by augmenting a system of nonlinear equations for an electroelastic beam with a vortex-lattice potential flow model and discussed their method by comparing existing relevant aerodynamic models. Sousa et al [10] performed the linear and nonlinear modeling of a 2-DOF piezoaeroelastic airfoil and exploited the combined nonlinearities with free play and cubic hardening in wind energy harvesting. De Melo Anicézio et al [11] extended the previous work [10] to electromagnetic energy harvesting and investigated the problems of linear and nonlinear aeroelastic energy harvesting using electromagnetic induction. Abdelkefi and Hajj [12] investigated the effects of freeplay nonlinearity on a wing-based piezoaeroelastic energy harvesting system. Abdelkefi and Nuhait [13] investigated the effects of unsteady aerodynamics on the performance of wing-based piezoaeroelastic energy harvesters.
Although some research efforts have been directed toward energy harvesting using linear and nonlinear aeroelastic phenomena, piezo-aeroelastic energy harvesting has not yet been fully examined in a design context. Linear aeroelastic responses include convergent oscillation at air speeds below flutter speed, neutrally stable oscillation at flutter speed, and divergent oscillation over flutter speed. Flutter, which is a divergent oscillation, happens catastrophically in the vicinity of flutter speed and causes a structural failure. Hence, energy harvesting using a linear form of aeroelastic oscillation such as flutter might be very dangerous or impossible. More recently, Bae and Inman [14] investigated the linear and nonlinear aeroelastic characteristics of a piezo-aeroelastic energy harvester. They introduced several new nondimensional parameters and presented nondimensional piezo-aeroelastic equations to exploit the effects of parameters on the piezo-aeroelastic characteristics. Based on their results of linear and nonlinear piezo-aeroelastic energy harvesting, they discussed how to use nonlinear aeroelastic characteristics for energy harvesting.
Nonlinear aeroelastic responses include convergent oscillation, limit cycle oscillation (LCO), periodic motion, chaotic motion, and divergent oscillation [15, 16] . Among these nonlinear aeroelastic responses, LCOs can be observed at air speeds below or over the linear flutter speed dependent on aeroelastic system parameters such as natural frequencies, natural modes, and structural nonlinearity types. Conner et al [17] performed a numerical and experimental study on the nonlinear behavior of a two-dimensional airfoil section with control surface free play, and they observed LCOs. Tang et al [18] presented the theoretical model of a three-degrees-of-freedom (3-DOF) aeroelastic model with freeplay using a reduced order model. Their model was verified through a comparison with experimental data. Bae et al [16] investigated the linear and nonlinear aeroelastic characteristics of a wing with a control surface. They demonstrated that various types of LCOs, periodic motions, and chaotic motions could be observed in a wide range of air speeds below the linear flutter speed. They also observed an LCO amplitude jump due to a change in the LCO mode.
In the present study, the authors propose a piezoaeroelastic energy harvester using a nonlinear trailing-edge flap (TEF) and perform a preliminary study of the concept. Fig. 1 shows the schematic of the piezo-aeroelastic energy harvester with the nonlinear TEF. Due to the presence of the nonlinear TEF, LCOs are observed in a wide range of air speeds below the linear flutter speed. These LCOs can be used to harvest energy without serious structural damage of the wing. The authors extend their previous work [14] to a two-dimensional airfoil section with a nonlinear TEF to investigate its nonlinear aeroelastic characteristics. Fig. 2 shows a typical piezo-aeroelastic section with a TEF. The piezoelectric coupling is introduced through a plunge motion, while freeplay nonlinearity is introduced to the flap motion. The root-locus (RL) method [19] and time-integration method [19, 20] are used to carry out the frequency domain analysis and time domain analysis, respectively. The linearizing method describing function(DF) [19] is used for the frequency domain analysis of a nonlinear aeroelastic system. The aeroelastic results predicted by the present method are verified against the experimental results [17] . From the linear and nonlinear piezo-aeroelastic analyses, the LCO characteristics of the proposed energy harvester with the nonlinear TEF are investigated in both the frequency and time domains. Finally, the authors discuss the air speed range for effective 
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The aerodynamic influence coefficients are generally calculated for the tabulated reduced frequencies by using various unsteady aerodynamic theories such as the Theodorsen function [20] , panel method, and CFD. Theodorsen's unsteady lift and moments of a thin airfoil with a trailing-edge flap can be written as follows.
The new variables (� � ) are presented in Appendix A. ���� is a function of Henkel's functions [21] .
The components of the nondimensional AICs are also presented in Appendix B.
For the time-domain analysis, the AICs must be calculated for arbitrary oscillation. Hence, the AICs calculated for the tabulated reduced frequencies must be approximated by continuous functions.
In this study, Karpel's minimum-state approximation (MSA) [22] is used. The AICs ������ approximated by Karpel's MSA are
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The aerodynamic states in Equation (15) (15)- (17) lead the following state-sate piezo-aeroelastic equations.
There exist two approaches to obtain the solutions for Equation (18) [14, 19] . One is the RL met in the frequency domain, and the other is the time-integration method in the time domain. The method is used to solve the eigenvalue problem in Equation (18) . As the air speed increases, eigenvalues are calculated. When the real part of the eigenvalues becomes positive, flutter occurs.
time-integration method is used to integrate Equation (18) numerically and to calculate the t response for a specific air speed using a numerical integration method such as the Runge-K method.
Structural nonlinearity
When structural nonlinearity exists in the flap motion, Equation (9) can be written as
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There exist two approaches to obtain the solutions for Equation (18) [14, 19] . One is the RL method in the frequency domain, and the other is the time-integration method in the time domain. The RL method is used to solve the eigenvalue problem in Equation (18) . As the air speed increases, the eigenvalues are calculated. When the real part of the eigenvalues becomes positive, flutter occurs. The time-integration method is used to integrate Equation (18) numerically and to calculate the time response for a specific air speed using a numerical integration method such as the Runge-Kutta method.
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where s is the freeplay.
The equivalent stiffness of a nonlinear spring in Equation (22) is required to use the RL method and can be obtained by using the describing function method as follows.
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The nonlinear time response can be obtained by integrating Equation (26).
Results and Discussion

Verifications of present analysis
To verify the accuracy of the present aeroelastic analysis, the present results of RL method are compared to the predicted and experimental data of Reference [17] . Table 1 The nonlinear time response can be obtained by integrating Equation (26).
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Linear aeroelastic characteristics of a piezo-aeroelastic energy harvester with a TEF
Understanding the linear piezo-aeroelastic characteristics of an energy harvester with a TEF is important when investigating its nonlinear characteristics. Table 3 shows the parameters used in the present analysis. The flutter speed and frequency variation of the linear piezo-aeroelastic energy harvester is shown in Fig. 3 . Fig. 3 shows that the flutter speed and frequency vary considerably for various frequency ratios ( ), and there exist frequency ratio values at which the abrupt change in flutter speed and frequency occurs. This is due to the change in flutter modes. Three kinds of flutter of an energy harvester with a TEF is important when investigating its nonlinear characteristics. Table 3 shows the parameters used in the present analysis. The flutter speed and frequency variation of the linear piezo-aeroelastic energy harvester is shown in Fig. 3 . Fig. 3 shows that the flutter speed and frequency vary considerably for various frequency ratios 
Understanding the linear piezo-aeroelastic characteristics of an energy harvester with a TEF is important when investigating its nonlinear characteristics. Table 3 shows the parameters used in the present analysis. The flutter speed and frequency variation of the linear piezo-aeroelastic energy harvester is shown in Fig. 3 . Fig. 3 shows that the flutter speed and frequency vary considerably for various frequency ratios ( ), and there exist frequency ratio values at which the abrupt change in flutter speed and frequency occurs. This is due to the change in flutter modes. Three kinds of flutter modes, Type A, Type B, and Type C, exist in Fig. 3 . Type A is a plunge-flap mode flutter in which the frequency ratio is less than about 0. , and there exist frequency ratio values at which the abrupt change in flutter speed and frequency occurs. This is due to the change in flutter modes. Three kinds of flutter modes, Type A, Type B, and Type C, exist in Fig. 3 . Type A is a plunge-flap mode flutter in which the frequency ratio is less than about 0.7. Type B is a pitch-flap mode flutter in which the frequency ratio is between about 0.7 and 1.3. Type C is a conventional plunge-pitch mode flutter in which the frequency ratio is larger than about 1.3. Bae et al [15] characterized four regions according to the flutter mode shapes of an aircraft wing with a control surface. The present Type A, Type B, and Type C modes are similar to Bae et al's Region IV, Region I, and Region III, respectively. Their study showed that Region IV was very important in terms of the nonlinear aeroelastic characteristics, while it may not have been important in terms of the linear characteristics. Fig. 4 shows the effect of resistance on the linear piezo-aeroelastic characteristics. When ding the linear piezo-aeroelastic characteristics of an energy harvester with a TEF is en investigating its nonlinear characteristics. Table 3 shows the parameters used in the sis. The flutter speed and frequency variation of the linear piezo-aeroelastic energy own in Fig. 3 . Fig. 3 shows that the flutter speed and frequency vary considerably for is about 0.025, the flutter speed reaches its maximum.
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In the present study, the stiffness of the flap motion is assumed to have freeplay, as described by Equation (22) . The equivalent stiffness of Equation (23) is used for the frequency-domain nonlinear analysis by using the RL method. Fig. 5 shows the LCO characteristics of the piezoaeroelastic energy harvester with a nonlinear TEF when 
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In the present study, the stiffness of the flap motion is assumed to have freeplay, as described by Equation (22) . The equivalent stiffness of Equation (23) is used for the frequency-domain nonlinear analysis by using the RL method. =4.77). However, as shown in Fig. 5 , various LCO types can be observed at air speeds below the linear flutter speed, and an abrupt change of LCO amplitude is observed. This amplitude change is due to the change in LCO flutter mode.
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In the present study, the stiffness of the flap motion is assumed to have freeplay, as described by Equation (22) . The equivalent stiffness of Equation (23) is used for the frequency-domain nonlinear analysis by using the RL method. Fig. 5 shows the LCO characteristics of the piezo-aeroelastic energy harvester with a nonlinear TEF when and . The results of the frequency speeds below the linear flutter speed. One LCO is observed at air speeds from 0.9 to 2.4. The other LCO is observed at air speeds from 2.2 to 4.6. At air speeds from 2.2 to 2.4, both LCOs are observed dependent on initial conditions. These LCOs have different LCO modes. The LCOs observed from 0.9 to 2.4 are the Type A plunge-flap mode flutters, as shown in Fig. 3. Fig. 9 shows the time histories of the plunge, pitch, and flap motions when the air speed n the present study, the stiffness of the flap motion is assumed to have freeplay, as described by ion (22) . The equivalent stiffness of Equation (23) is used for the frequency-domain nonlinear is by using the RL method. he present study, the stiffness of the flap motion is assumed to have freeplay, as described by (22) . The equivalent stiffness of Equation (23) is used for the frequency-domain nonlinear by using the RL method. Fig. 12 shows the time histories when Figures 6 -8 show the LCO amplitudes for the plunge, pitch, and flap motions. Two LCO types are observed at air speeds below the linear flutter speed. One LCO is observed at air speeds from 0.9 to 2.4. The other LCO is observed at air speeds from 2.2 to 4.6. At air speeds from 2.2 to 2.4, both LCOs are observed dependent on initial conditions. These LCOs have different LCO modes. The LCOs observed from 0.9 to 2.4 are the Type A plunge-flap mode flutters, as shown in Fig. 3. Fig. 9 shows the time histories of the plunge, pitch, and flap motions when the air speed ( ) and initial condition ( ) are both 1. Fig. 12 shows the time histories when is 4.0 and a Type B LCO is observed independent of the initial condition. Bae et al [15] shows how these Type A and Type B LCOs oscillate (Region IV and Region I in Fig. 6 , Bae et al is 4.0 and a Type B LCO is observed independent of the initial condition. Bae et al [15] shows how these Type A and Type B LCOs oscillate (Region IV and Region I in Fig. 6 , Bae et al [15] Fig. 12 shows the time histories when is 4.0 and a Type B LCO is observed independent of the initial condition. Bae et al [15] shows how these Type A and Type B LCOs oscillate (Region IV and Region I in Fig. 6 , Bae et al [15] ). observed at air speed through 0.9 to 2.2 are relatively large as shown in Fig. 6 . Hence, these Type A LCOs can be used effectively for the proposed energy harvester at air speeds from 0.9 to 2.2. Fig. 15 shows the voltage amplitude of the proposed energy harvester. At air speeds from 0.9 to 2.2, the voltage amplitude is significantly large. Also, this air speed range is definitely safe with respect to aeroelastic instability.
Conclusions
In the present study, the linear and nonlinear aeroelastic characteristics of a piezo-aeroelastic energy harvester with a nonlinear trailing-edge flap (TEF) are investigated. The linear and nonlinear piezo-aeroelastic modelings of a simple, 3-DOF typical section are presented. A RL and a time-integration method are used to carry out the frequency domain analysis and time domain analysis, respectively. The results of these methods are verified against previously published experimental results.
As mentioned in the previous section, the aeroelastic responses dissipate due to the presence of aerodynamic damping at air speeds below the flutter speed. Flutter, which is an aeroelastic instability, occurs catastrophically in the vicinity of flutter speed. Hence the use of a linear aeroelastic response for energy harvesting might be very dangerous or impossible. The aeroelastic systems have several types of structural nonlinearities such as freeplay and cubic hardening. These nonlinearities can increase or decrease the nonlinear flutter boundary. For freeplay when the frequency ratio is larger than 1.0, stable LCOs with various amplitudes occur at a wide range of air speeds below the flutter speed, and these LCOs can be used for energy harvesting. When the frequency ratio is smaller than 1.0, unstable LCOs are observed at air speeds over the flutter speed, and these LCOs may not be used for energy harvesting. For cubic hardening when the frequency ratio is larger than 1.0, stable LCOs occur at air speeds over the flutter speed, and these LCOs can be used for energy harvesting. Generally, an aeroelastic system is designed to avoid flutter and possess safety margins because flutter causes catastrophic failure. LCOs at air speeds over the flutter speed cannot be used for energy harvesting even though they are stable. Therefore, stable LCOs below the linear flutter are an excellent source for energy harvesting without aeroelastic instability.
In the present study, the linear and nonlinear aeroelastic characteristics of a piezo-aeroelastic As mentioned in the previous section, the aeroelastic responses dissipate due to the presence of aerodynamic damping at air speeds below the flutter speed. Flutter, which is an aeroelastic instability, occurs catastrophically in the vicinity of flutter speed. Hence the use of a linear aeroelastic response for energy harvesting might be very dangerous or impossible. The aeroelastic systems have several types of structural nonlinearities such as freeplay and cubic hardening. These nonlinearities can increase or decrease the nonlinear flutter boundary. For freeplay when the frequency ratio is larger than 1.0, stable LCOs with various amplitudes occur at a wide range of air speeds below the flutter speed, and these LCOs can be used for energy harvesting. When the frequency ratio is smaller than 1.0, unstable LCOs are observed at air speeds over the flutter speed, and these LCOs may not be used 
